Computational fluid dynamic (CFD) analysis of the thermal flow in the combustion chamber of a solid waste incinerator provides crucial insight into the incinerator's performance. However, the interrelation of the gas flow with the burning waste has not been adequately treated in many CFD models. A strategy for a combined simulation of the waste combustion and the gas flow in the furnace is introduced here. When coupled with CFD, a model of the waste combustion in the bed provides the inlet conditions for the gas flow field and receives the radiative heat flux onto the bed from the furnace wall and gaseous species. An unsteady one-dimensional bed model was used for the test simulation, in which the moving bed was treated as a packed bed of homogeneous fuel particles. The simulation results show the physical processes of the waste combustion and its interaction with the gas flow for various operational parameters.
INTRODUCTION
Computational fluid dynamic (CFD) analysis provides useful information on the thermal flow fields in incinerators. Computed results such as temperature, velocity, and gas species distribution are often used in critical evaluations of the design and operating conditions for better combustion performance. [1] [2] [3] [4] [5] [6] However, the gas flow field is interrelated with complicated phenomena of the burning waste bed, as shown schematically in Figure 1 . The waste combustion on the grate is initiated mainly by the radiative heat transfer from the gas flow regime and the furnace wall, and it then propagates into the bed. Gaseous products from the waste bed flow upward and determine the temperature and species distribution in the furnace, which in turn affect the waste combustion by radiation. Gas flow models typically treat the waste bed by employing assumed inlet flow conditions based on measurements or a plausible scenario of the waste combustion, which allows simple prediction of the gas flow field. [1] [2] [3] [4] [5] When the combustion rate is prescribed as a function of the position on the grate, inlet conditions such as temperature, velocity, and individual species concentration can be calculated from the overall heat and mass balances of the waste components and the primary air. Combustible gas components from the waste are ignored or are assumed to be a mixture of hydrocarbon species of CH 4 , C x H y , or C x H y O z , in addition to CO and CO 2 . These arbitrarily assumed inlet conditions may not adequately reflect actual processes of waste combustion and its interrelation with the gas flow region, in which many design and operating parameters participate. Even with these limitations, previous CFD studies have proved useful in discussing the effects of the secondary air and chamber configuration on the overall flow fields. Quantitative analysis for comparative evaluation has also been suggested to evaluate flow performance in terms of gaseous mixing, residence time, and reaction. 6 Experimental and modeling studies on waste bed combustion have been performed under simplified conditions, such as a fixed bed of homogeneous fuel particles. Global combustion characteristics of the fuel bed have been studied by investigating temperature and gas species distribution within the bed, or by measuring the propagation speed of combustion under various operating conditions. 
IMPLICATIONS
CFD has been frequently applied to investigate combustion chamber performance in the design and operational processes of waste incinerators. However, it has concentrated on the gas flow simulation and neglected the waste combustion in a bed on the grate. Because the waste combustion and its interaction with the gas flow through heat and mass transfer are key features of incinerators, a combined simulation method of CFD with a combustion model of the waste bed is presented in this paper. This method provides the nature of combustion and gas flow phenomena according to various design and operational parameters in the waste incinerators. The future development of waste bed combustion models will increase the capability and accuracy of this method.
and Brouwers 8 numerically solved the mechanism of the propagation at the reaction front. Overall heat and mass transfer modeling has been attempted for the waste bed, 10 and the limited results indicated that the heat and mass transfer inside the waste bed could not be overlooked. Goh et al.
11 constructed a mathematical model that tracked the front of the drying, pyrolysis, and char combustion along the grate. Recently, other researchers developed an unsteady one-dimensional model of a homogeneous fuel bed that included heat and mass transfer in a vertical direction. 12 This paper reports an attempt to develop a novel simulation method that enables an investigation of the overall combustion and gas flow characteristics in waste incinerators. The gas flow model is combined with the waste combustion model by receiving inlet gas conditions and providing the radiative heat flux onto the bed. The performance of this method is demonstrated and discussed based on the results of the test simulations.
COMBINED SIMULATION METHOD
CFD solves the conservation equations of mass, momentum, energy, and chemical species with the submodels of turbulence, radiation, and chemical reaction. All boundary conditions need to be specified, including the inlet of the gas flow region-that is, the release of combustion gas from the waste bed. However, the waste bed combustion includes the heterogeneous combustion and structural changes of the waste particles, which require additional numerical modeling. The interrelation of the waste bed with the gas flow region should be considered. Figure 2 shows the strategy of the combined simulation of the waste bed combustion and the gas flow. A model for the waste combustion predicts the progress of combustion and produces corresponding properties of the combustion gas escaping the bed, which are introduced into the gas flow model as the inlet condition. The CFD results for the gas flow region include the radiation transferred to the waste bed, which is then introduced to the bed model as a boundary condition at the top of the bed. In the calculation process, the profile of radiative heat flux on the waste bed is assumed from an initial estimate to predict the initial status of the bed combustion and the gas flow field. The radiation profile from the initial gas flow simulation is then imported into the bed model to produce updated inlet conditions of the gas flow field. By calculating the two models iteratively, converged solutions on both regions can be obtained. Because radiation is an important mode of heat transfer affecting waste bed combustion, the radiation model and the furnace wall conditions should be selected carefully in the gas flow model.
MODEL FOR WASTE BED COMBUSTION
The waste combustion in the bed of a grate-type waste incinerator is an unsteady three-dimensional phenomenon of the waste particles and the gas phase. In this study, the model for waste combustion is an extended version of the previously proposed one for a packed bed, 12 which means that the moving bed is simplified as a one-dimensional fuel layer progressing quiescently on the grate, as shown in Figure 2 . The governing equations and major submodels for heat transfer and combustion processes are listed in Table 1 . The waste bed is interpreted to be twodimensional in such a way that the time elapsed (t) for the fuel layer after introduction into the bed is converted to the corresponding location (x) on the grate. The waste is represented in the model as a solid hydrocarbon material (C x H y O z ) containing moisture and ash, which undergoes drying, pyrolysis, and char combustion. The volatile species and char from pyrolysis are assumed to be separate hydrocarbons. Gaseous reactions of the volatile species, CO and H 2 , are solved using the global reaction scheme. 13 Input data of the fuel properties, the primary air supply, and other operating parameters related to waste combustion are required to specify the initial and boundary conditions of the bed model.
Comparison with measurements shows that this model reasonably predicts the macroscopic combustion phenomena of the packed bed, including the propagation of the fuel combustion and the temperature distribution in the bed, 14 as shown in Figure 3 . Obviously, however, this model is limited by the simplifications in predicting the waste combustion in a moving bed. It assumes the bed as a continuum, which means that a particle-resolved prediction of combustion is not possible. It does not consider the heat and mass transfer in the horizontal direction to the grate and the effect of the fuel mixing by the grate. However, this model does provide basic information on the progress of combustion in response to the operating conditions, including the external radiative heat flux. It can thus be applied to show the capability of the combined simulation method.
SIMULATION CASES
Computations were performed to demonstrate the capability of the combined simulation method. A combustion chamber of an incineration plant of 150 tons/day was selected for the test simulations. The nominal size of the furnace was H22.3 × W12.4 × D4.0 m, and that of the grate was W12.0 × D3.2 m. The primary air was concentrated on the main combustion zone in the waste bed so that a parabolic distribution was assumed (V/V ave = 1.3 at the center, V/V ave = 0.4 at x = 0, 12 m). The secondary air was injected from the nozzle arrays on the front and rear walls in the entrance of the secondary combustion chamber, of which the flow rate was 30% of the total combustion air. The waste contained 45% moisture, 10% ash, and the remainder in the combustible C 1 H 1.76 O 0.58 (LHV = 1790 kcal/kg).
The waste had a bulk density of 400 kg/m 3 and a residence time of 100 min, corresponding to the bulk height of 68 cm for Case 1. In Case 2, the bed height was reduced by half, but the throughput speed of the waste on the grate was doubled to maintain an identical waste feed rate. The waste bed was assumed to progress uniformly on the grate for the given residence time, although the model could handle the variation in the throughput rate of the bed. The selected parameters of the bed height and the throughput speed were independent of the heat and mass balance of the waste combustion with the primary Table 1 . Governing equations and major submodels for the unsteady one-dimensional combustion model of the waste bed. 12, 14 Waste phase air. Thus, both cases would have the same gas flow field in usual gas flow simulations, while the combustion rates along the grate were specified identically. Additional information on the waste properties was selected within the typical range. Waste particles were assumed to be rectangular cubes of 3 cm, and the void fraction of the bed was assumed to be 0.54. Various volatile components evolved from the waste by pyrolysis were simplified as a single hydrocarbon species, C 1 H 2.33 O 0.76 , whose total mass was ~85% of the total combustible in the waste. The remainder in the waste became carbon-rich char (C 1 H 0.14 O 0.07 ). The volatile component in the gas phase was decomposed into CO and H 2 , which were further oxidized to CO 2 and H 2 O. The kinetic data of cellulose were used for the pyrolysis and char combustion. 12 In the calculation, the fuel layer was divided into 150 cells, each of which marched along the bed with a time-step of 1 sec.
Governing Equations

Gas phase
Heat Transfer
In the gas flow simulation, a compromise was necessary between computational burden and accuracy. A structured grid was constructed with 60 × 61 × 23 cells on a half-volume of the combustion chamber, using a symmetric plane condition at the center. The renormalized group (RNG) k-ε model was adopted for turbulence. To predict radiation, the discrete ordinate method was employed, including the absorption of CO 2 and H 2 O. The total absorption coefficient was calculated by the weighted sum of gray gases model (WSGGM). Participation of soot and fly ash in radiation was not taken into account. In the gaseous reaction, the irreversible oxidation of the volatile component (assumed as a single gaseous species, C 1 H 2.33 O 0.76 ), CO, and H 2 was calculated using the MagnussenHjertager model.
Because modifying the grid according to the bed height in each iteration step is very difficult, the volume occupied by the bed above the grate was included in the gas flow region. Thus, the value of the radiative heat flux onto the top surface of the bed actually meant that value onto the grate in the current simulation, which would slightly decrease accuracy. The ceiling of the primary combustion chamber and the entire wall of the secondary combustion chamber were membrane water-walls covered by refractory bricks. In calculating the temperature on the surface of the refractory bricks, their thermal resistance was considered. The temperature of the membrane water-wall was set constant at the steam saturation temperature (500 K), and the refractory bricks had a conductivity of 10 W/mK and a thickness of 6 cm. The side wall of the primary combustion chamber was assumed to be adiabatic. The feeder and ash hopper section were simplified to be enclosed by a wall with a fixed temperature of 473 K. The emissivity was set to 0.95 in all walls.
A commercial code, FLUENT v5.1, was used to solve the gas flow region. Incident radiation on the grate in the CFD results was exported to a text file for the bed model, and the inlet conditions of the combustion gas produced from the waste bed were set on the grate section using the boundary profile function in FLUENT. The updates of the incident radiation and the waste combustion were performed after the gas flow field became stabilized, typically after 200 iterations. The criterion of convergence was the change of the radiative heat influx within 4% at each nodal point of the bed between each update. Figure 4 shows the temperature on the center plane of the gas flow field predicted by the combined simulation. A hot gas region at ~1500 K is formed from the upstream part of the bed in Figure 4a for Case 1. In Case 2, the lower temperature region near the feeder becomes significantly wider and the hot gas region over the bed is shifted toward the downstream (Figure 4b ), when compared with Case 1. In both cases, the gas temperature rises to 1550 K or higher near the entrance of the secondary combustion chamber, where active reaction of gaseous combustibles caused by the secondary air takes place. Figure 5 shows the total mole fraction of the gaseous combustibles (C 1 H 2.33 O 0.76 , CO, and H 2 ), which are considered to be the products of incomplete combustion released from the waste bed. Distribution of gaseous combustibles on the bed is almost undisturbed in the primary combustion chamber due to lack of mixing and oxygen. When gaseous combustibles meet high-velocity streams of secondary air jets, they are destroyed rapidly by turbulent mixing and sufficient oxygen provided by the secondary air. The total amount of gaseous combustibles released from the bed is ~20% larger in Case 2. Thus, the efficiency of the gas-phase reaction becomes more important in this case. Compared with the gas flow in the primary combustion chamber, the flow in the secondary combustion chamber is more uniform in both cases. Gas temperature gradually decreases because of the heat loss to the furnace wall. Gas species concentration is almost uniform over the entire volume of the secondary combustion chamber. The difference in the gas flow field of the two cases can be understood from the changes in the bed combustion characteristics and in the interaction between the bed and the gas flow region.
RESULTS
Gas Flow Field
Radiative Heat Influx on the Waste Bed
Radiation transferred from the gas flow region is a main heat source for the initiation of drying and combustion of the waste bed. The gas temperature and the total mass of the gaseous combustibles from the bed show a positive correlation with the radiative heat influx onto the bed during the iterative computations. Figure 6 shows the profiles of the radiative heat influx along the bed during the early iteration steps. It is expressed in terms of an effective radiation temperature [T rad = (Q rad /σ) 1/4 ] to show the order of the heat flux more easily. Although the behavior of these intermediate results does not reflect any physical phenomena, it provides insights on how the steady-state conditions of the waste combustion and the gas flow field are achieved by the interaction of the two regions. For the initially assumed parabolic distribution of T rad (dotted line), the waste bed combustion in Case 1 slowly progresses, consuming more oxygen within the bed (Figure 6a) , and the overall temperature of the gas escaping the bed becomes higher. The hot gas above the bed then increases radiation to the bed, as shown in the curve of the first update for both cases. The higher radiative heat influx at the first update leads to a lower gas temperature and a larger amount of gaseous combustibles, because of a more rapid progress of combustion in the waste bed. This decreases the radiative heat influx, as shown in the distribution at the second update. As the iteration progresses, the final distribution of T rad (shown as a solid line in Figure 6 ) is obtained, which means that the interaction of the bed and the gas flow region reaches an equilibrium.
Case 2 also shows a different behavior of the intermediate distribution of T rad . As shown in Figure 6b , the low heat flux zone increases significantly in the upstream of the bed. While the time required for combustion initiation does not change, the length of the bed incubation zone becomes almost doubled due to the doubled throughput rate of the waste feed. However, a lower-temperature region develops over the incubation zone, which consequently decreases the radiative heat influx on the bed below this region. Thus, the initiation of combustion at the bed becomes delayed further as the calculation is repeated.
To investigate the effect of gaseous radiation, the contribution of the furnace wall to the radiative heat flux onto the bed was calculated by disabling the radiation submodel for the gas phase, which is plotted in Figure 7 . The area filled by white indicates the portion of the gaseous radiation directly transferred from the hot gas to the bed. The dark gray area is the heat flux from the furnace wall when gaseous absorption is not present. Thus, the gray area can be interpreted as a result of gaseous radiation to the furnace wall. Not only does combustion gas determine the radiation from the wall to the bed by heating up the wall, but its own participation is significant for the high gas temperature. Without the gaseous radiation, the furnace wall is heated only by convection so that the wall temperature and the corresponding radiative heat flux on the bed decrease significantly. In the actual combustion chamber, the presence of particulates such as soot and fly ash in the gas flow region would increase the radiative heat flux onto the bed below the hot gas stream or the flame. Hence, the interaction between the waste bed and the gas flow region would be stronger than presented in this study. In the furnace geometry selected here, the hot gas stream from the bed flows straight upward. Thus, the active bed combustion zone is in accord with the zone under high radiative heat influx. If the direction of the hot gas stream were altered by the changes in the furnace configuration or in the secondary air (e.g., cocurrenttype furnaces), the bed-gas interaction would show a different pattern. Figure 8 shows the results of the waste bed combustion model. Waste combustion is initiated at the top of the bed and propagates into the bed, as shown in the contour of the waste temperature within the bed. The initiation of combustion is delayed significantly in Case 2 because the waste material moves faster on the grate while the radiative heat influx is kept at a low level.
Waste Bed Combustion
The graphs in Figures 8c and 8d are the temperature and species mole fraction of the combustion gas at the top of the bed, which is the inlet condition of the gas flow region. When pyrolysis and char combustion of the waste are initiated, the gas temperature leaving the bed increases rapidly. Gaseous combustibles, mainly the volatile component at this moment, are also released directly into the gas flow region. As the combustion propagates further into the bed, the gas temperature over the combustion front decreases through the heat exchange with the waste particles. Before leaving the bed, most of the volatile component is oxidized into CO 2 and H 2 O, but some is also oxidized into CO and H 2 . The amounts of CO and H 2 at the top of the bed increase slightly in the downstream part of the bed, where the combustion front reaches the bottom of the bed and combustion of only the remaining char progresses rapidly.
DISCUSSION
Coupling the bed combustion model with the gas flow model not only fulfilled the need for specifying inlet conditions in the gas flow model but also enabled an investigation of macroscopic phenomena of the waste bed combustion and the gas flow field. The physical interrelation between the waste bed and the gas flow region was an important factor that influenced the results of both regions. However, it would be premature to conclude that the current method provides more accurate results than the usual gas flow simulation. Rather, it provides additional physical insight into the bed combustion and gas flow characteristics by considering the governing processes in the combustion chamber.
In addition to the bed height and the waste residence time selected in the test simulations, the present method can be applied to investigate the effects of fuel properties, as well as design and operating variables. These variables influence the initial or boundary conditions of the waste bed, heat transfer within the bed, radiative heat transfer onto the bed, or the gas flow pattern. For example, the distribution pattern and preheating temperature of the primary air become the boundary conditions at the bottom of the bed, which directly affect the convective heat transfer and the amount of available oxygen within the bed. Variation in the waste-throughput speed by controlling the grate can be considered by the transformation of time to the location in the current model. Developing more realistic submodels of the waste bed combustion and improving the simulation technique would increase the usefulness of the current method. A global description of the solid fuel combustion in terms of heat-up, pyrolysis, and char combustion requires a number of physical and chemical properties, including the rate constants. Fuel properties can become more realistic by introducing a mixed fuel assumption. Differences in the combustion characteristics of various waste components, such as cellulosic and plastic materials, as well as moisture and incombustibles, may be accommodated. Mixing of the aggregate of solid waste particles in the fuel bed can be incorporated into the model by experimentally quantifying the mixing in the form of a prescribed pattern or a diffusion-like property.
For a proper modeling of radiation in the gas flow simulation, the furnace wall condition and the radiation of participating gas and particulates must be adequately incorporated. The gaseous radiation was considered by employing the WSGGM, but the participation of particulates in the flame radiation was not addressed in this study. To consider the effects of particulates requires a knowledge of their sizes, shapes, radiative properties, and concentrations, 15 which are not readily determined in the incinerator. One of the simplified approaches is to incorporate the effect of particulates into the WSGGM. 16 Regarding the simulation techniques, the gas volume occupied by the waste bed can be treated as porous media, which would give a more accurate prediction, including the radiative heat flux onto its top surface.
CONCLUSIONS
A strategy of combining simulations of a gas flow field with waste bed combustion was presented. The interaction of the gas flow and the bed was modeled in such a (c) Case 1: Gas properties leaving the bed (d) Case 2: Gas properties leaving the bed way that the gas flow model provided the radiative heat flux to the bed and received the gas conditions leaving the waste bed from the bed model. The macroscopic phenomena of the waste combustion were predicted by employing an unsteady one-dimensional model that treated the bed as the progress of a homogeneous fuel column. The test simulations showed that the present method could replace the arbitrary assumption on the bed combustion required to calculate the inlet condition in previous gas flow simulation methods. The changes in the bed height and in the waste throughput speed led to noticeable differences in both the bed combustion and the gas flow characteristics, which was inherently impossible to predict using previous methods. The interaction of the bed and the gas flow region was found to play a key role in understanding such differences. The combined simulation method enabled investigation of the effects of combustion-related parameters and provided more physical insight on phenomena in the incinerator combustion chamber.
